Abstract Protein interaction databases represent unique tools to store, in a computer readable form, the protein interaction information disseminated in the scientific literature. Well organized and easily accessible databases permit the easy retrieval and analysis of large interaction data sets. Here we present MINT, a database (http ://cbm.bio.uniroma2.it/mint/ index.html) designed to store data on functional interactions between proteins. Beyond cataloguing binary complexes, MINT was conceived to store other types of functional interactions, including enzymatic modifications of one of the partners. Release 1.0 of MINT focuses on experimentally verified protein^protein interactions. Both direct and indirect relationships are considered. Furthermore, MINT aims at being exhaustive in the description of the interaction and, whenever available, information about kinetic and binding constants and about the domains participating in the interaction is included in the entry. MINT consists of entries extracted from the scientific literature by expert curators assisted by`MINT Assistant', a software that targets abstracts containing interaction information and presents them to the curator in a user-friendly format. The interaction data can be easily extracted and viewed graphically through MINT Viewer'. Presently MINT contains 4568 interactions, 782 of which are indirect or genetic interactions. ß 2002 Published by Elsevier Science B.V. on behalf of the Federation of European Biochemical Societies.
Introduction
Molecular interactions are at the hearth of cell physiology. In principle, if we knew the concentrations of each molecule in a cell and the details of the interaction network, including kinetic and thermodynamic parameters, we could be in the position to assemble a virtual cell in silico [1, 2] . In practice information about molecular interactions is dispersed in the scienti¢c literature and di¤cult to retrieve in a structured format. Furthermore, in the forthcoming few years we will be £ooded by an exponentially increasing amount of interaction data from latest generation high-throughput technology [3, 4] . Well organized and user-friendly databases containing information about molecular interactions are, and will become even more in the future, an essential resource for biologists. At least a couple of public databases, containing information about protein interactions, have been described and are currently accessible on the web [5, 6] . The database of interacting proteins (DIP) documents experimentally determined protein^protein interactions. Presently it stores 10 432 interactions, 90% of which are from high-throughput experiments in microorganisms. Entries describing interactions among proteins from mammalian proteomes are approximately 750. BIND (Biomolecular Interaction Network Database) has a somewhat larger scope and contains information about bimolecular interactions, complexes and pathways. BIND contains 5939 interactions approximately 300 of which describe interactions among mammalian proteins. Even if these databases are still largely incomplete, they have provided bioinformaticians, and biologists in general, with a unique and easily searchable depository of interaction information. The progress in extending the coverage of these interaction databases is slowed by the time required, even for an expert annotator in extracting information from a published article and completing the entry. Several groups are developing software in order to be able, in the future, to extract reliable interaction information by automatic text mining [79 ] . Presently, however, these e¡orts are hampered by the heterogeneity of the language used in the scienti¢c literature and by the absence of a uniform and universally accepted vocabulary of protein names. Thus databases that contain entries annotated by expert biologists, although requiring in principle a much larger e¡ort, represent an unmatched collection of reliable interaction information and can be used as a benchmark for automatic methods and to test the performance of newly developed text mining approaches.
MINT was conceived to store molecular interaction data in a relational database and present it to the user in a friendly format so that it could be easily retrieved to extract meaningful and reliable biological information. The structure of MINT is such that it is not con¢ned to physical interactions between proteins and can in principle be used to store any type of interaction between any`molecular entity' of biological interest. The molecular entities can be either natural (proteins, nucleic acids, lipids) or arti¢cial, in order to take into account the growing information load derived from screening of arti¢cial repertoires with particular reference to peptide repertoires.
Most of the interactions presently stored in MINT are of the type entity A binds to entity B where the entities are proteins. As already stated, however, the entities in the database can in principle be any molecule in the cell. Some entities are`primitive': genes, promoters, other regulatory sites, transcripts or the primary translation products of any transcript. The primitive entities are identi¢ed in a MINT table with the accession numbers and relative annotation extracted from primary databases like, for instance, SWISS-PROT and TREMBL for proteins [10] . Other entities like promoters and transcripts might be more di¤cult to de¢ne unequivocally at present because of the absence of well annotated reference databases. In this ¢rst release of MINT only interactions between proteins, or between a protein and peptide ligands selected from peptide repertoires, are considered and the reference database is SWISS-PROT/TREMBL.
Any entity can interact with any other entity in the database not only by binding it but also by performing a series of enzymatic activities including Y phosphorylates, Y dephosphorylates, S/T phosphorylates, S/T dephosphorylates, ubiquitinates, de-ubiquitinates, sumolates, acetylates, deacetylates, hydrolyzes and ¢nally activates and inactivates.
The interaction between two primary entities leads to secondary entities that are identi¢ed by a MINT accession number. Secondary entities, like protein complexes or modi¢ed proteins (for instance phosphorylated proteins), are the result of the action of an entity onto another entity. Some of these actions, like for instance`bind' are symmetric while actions implying an enzymatic activity are asymmetric (entity A modi¢es entity B) and provide a directionality to some parts of the interaction network.
Most of the interactions in the database are presently binary interactions (between two entities). It is becoming increasingly apparent, however, that the interaction network that one may derive from the assembly of many binary interactions is somewhat misleading or, at least, it does not represent all the biological wisdom contained in the scienti¢c literature. For instance it is clear that molecules in the cell do not form a single large web but are organized in discrete complexes that can be isolated by standard a¤nity puri¢cation procedures. Furthermore, one would like to distinguish from the complex and intricate interaction web the set of interactions that represent a biological pathway.
Similarly to the BIND database, MINT permits to enter information about molecular complexes and biological pathways. We de¢ne a complex as the ensemble of entities that can be co-puri¢ed from a cell culture or a tissue. Although this de¢nition is rather vague, the emerging technology that relies on a¤nity puri¢cation and the identi¢cation by mass spectrometry of the proteins that co-purify experimentally de¢nes a`complex' [11] .
Di¡erently from BIND we do not plan to prede¢ne pathways (for instance the`EGF pathway') and then edit the relevant interactions as outlined by experts in the ¢eld. However, MINT also contains indirect interactions between two entities. Genetic and`long range' interactions belong to this class. For instance if the overexpression of protein A leads to suppression of a mutation in protein B, this information will be entered in an appropriate format as`protein A'`suppresses by overexpression'`protein B'. We are currently de¢ning a list of possible indirect interactions between two molecular entities. We envisage that biologically meaningful pathways should emerge from the thoughtful combination of this type of information and the information describing direct interactions. MINT is a relational database designed to collect and integrate experimental protein interaction data, in a unique database accessible via a user-friendly web interface written in an HTML embedded scripting language named PHP (http:// www.php.net) The MINT core is stored in an SQL server (PostgreSQL). The entity relationship model underlying the database structure is shown in a simpli¢ed form in Fig. 1. 
Data submission and MINT Assistant
MINT entries are curated by expert biologists who carefully screen the interaction information published in peer-reviewed journals. Presently the curator team consists of 20 Ph.D. students, in the program of Molecular and Cellular Biology of the University of Rome Tor Vergata, who ¢ll appropriate web submission forms. However, any scientist is encouraged to register in order to be able to enter the interactions he is expert of.
Each entry contains a`core' information consisting of the SWISS-PROT/TREMBL accession numbers of the two proteins and the speci¢cation of the functional interaction (binds, activates, phosphorylatesT). Most of the entries in the database currently refer to a Pubmed identi¢cation (PMID) number. Unpublished observations, however, can also be added to the database. Furthermore, the curator can enter information about the domains that are demonstrated to be involved in the interaction, the binding and/or kinetic constants and the experimental method(s) utilized to characterize the interaction.
To support the curator task we have implemented a web tool named`MINT Assistant'. This tool helps MINT curators in the identi¢cation of protein^protein interaction papers and assists them in the insertion of the relevant information into the database. The software scans titles and abstracts, extracted from the scienti¢c literature, by counting words that are frequent in papers describing protein^protein interactions, essentially as already described [7] .
The top ranking abstracts are further analyzed to identify protein names and whenever described in the abstract, experimental methods. To recognize protein names, each abstract is ¢rst compared with a simple scienti¢c English dictionary to quickly eliminate common words. Any`non-English' word is then matched to a vocabulary of 214 038 protein names extracted from SWISS-PROT, TREMBL and EMBL databases. When a protein name is identi¢ed, the program also registers the gene name, protein accession number and any other information that is required to complete a protein^protein interaction entry in MINT. The software output consists of several html pages that can be viewed by an internet browser. The front page displays the abstract titles, ranked according to the likelihood to contain information about protein interactions, as assessed by a statistical algorithm. By clicking a title the MINT curator has access to a new html page that provides the information needed to complete the entry. When an entry is completed, the information is stored in temporary tables where the data are automatically double-checked and then entered in the MINT database tables.
The number of entries was also increased by adding the interactions detected in genome-wide two-hybrid analysis [4,12^15] . The MIPS (Munich Information Center for Protein Sequences) yeast physical and genetic interactions tables [16] have also been incorporated into MINT.
Searching, browsing and visualizing a protein network
Searches can be performed via protein name, accession number or keywords. The search returns a list of entries containing the query names or keywords (only if present in the KEYWORDS line of the SWISS-PROT entries). By clicking the corresponding protein ID all the interactions described in MINT and having the selected protein as one of the partners are displayed. Each interaction ID in the output page is hyperlinked to a MINT entry. In order to produce the output, the information about a speci¢c interaction is retrieved from one of the MINT tables and composed in two frames. The ¢rst frame contains information about the interacting proteins, the second shows the features of the interaction itself and the corresponding experimental procedure. Finally a third frame permits to display graphically the network of the interacting proteins as produced by`MINT Viewer' (Fig. 2) .
This tool is based on a java applet derived from the Sun's applet`Graph' (http://java.sun.com) and adapted for use in our database. Proteins are represented by ovals whose size is proportional to molecular weight. Protein interactions are represented by lines (edges) connecting the proteins (nodes). Both nodes and edges are interactive and the action of clicking results in the display of additional information about the partner proteins and their interaction or in the expansion of the displayed network.
Current status of MINT
At 1 November 2001, the MINT database contains interaction information about 3556 proteins from 64 di¡erent organisms. These proteins participate in 3786 pairwise interactions, three multimeric complexes, and 782`indirect' interactions. Furthermore, we have started to collect the published and unpublished experiments describing screening of peptide repertoires with protein recognition domains. 76% of the interactions rely on a single experimental procedure, mostly yeast two-hybrid (Fig. 3c,d) . Nevertheless, as many as 206 interactions are supported by three independent approaches (Fig. 3d) .
A large majority of the interactions are derived from large genomic projects. However, more than 700 articles have been processed manually by curators and 569 entries describe interactions between proteins of mammalian organisms. Cluster analysis of the MINT entries (Fig. 3a,b) reveals that, at the present stage, although most of the yeast proteins form a large cluster of 1537 proteins, most of the clusters range in size from two to eight proteins. Although the number of interactions for mammalian proteins is considerably lower, also in this case relatively large clusters begin to emerge. It is likely that, as the number of interactions in MINT is increased, the smaller clusters will merge into a single network.
Perspectives
One of the major e¡orts in the coming years will consist in the attempt to speed up the survey of the scienti¢c literature in order to be able to enter a larger number of well curated interactions. We envisage that text mining software will play a major role in this. It is clear, however, that the most adequate annotators of any given entry are the scientists that have experimentally discovered the interactions. Scienti¢c journals should ask the authors to submit interaction data to protein databases as they have done for DNA sequencing data and as they are doing for protein structure data. FEBS Letters has started, on an experimental basis, to ask authors to curate the interaction data described in their accepted manuscript and submit it to MINT.
Finally, although the co-existence of diverse interaction databases may play some role at this stage by stimulating discussion and by increasing the`annotation e¡ort', it is clear that these public endeavors should soon agree on a common database structure and pull together their e¡orts to avoid duplications. 
